In order to investigate bean-nodulating rhizobia in different types of soil, 41 nodule isolates from acid and alkaline soils in Mexico were characterized. Based upon the phylogenetic studies of 16S rRNA, atpD, glnII, recA, rpoB, gyrB, nifH and nodC genes, the isolates originating from acid soils were identified as the phaseoli symbiovar of the Rhizobium leguminosarum-like group and Rhizobium grahamii, whereas the isolates from alkaline soils were defined as Ensifer americanum sv. mediterranense and Rhizobium radiobacter. The isolates of "R. leguminosarum" and E. americanum harbored nodC and nifH genes, but the symbiotic genes were not detected in the four isolates of the other two species. It was the first time that "R. leguminosarum" and E. americanum have been reported as bean-nodulating bacteria in Mexico. The high similarity of symbiotic genes in the Rhizobium and Ensifer populations showed that these genes had the same origin and have diversified recently in different rhizobial species. Phenotypic characterization revealed that the "R. leguminosarum" population was more adapted to the acid and low salinity conditions, while the E. americanum population preferred alkaline conditions. The findings of this study have improved the knowledge of the diversity, geographic distribution and evolution of bean-nodulating rhizobia in Mexico.
sp. [17] . In addition, P. vulgaris can be nodulated by several symbiotic or endophytic Rhizobium species originally isolated from other plants, including R. mongolense and R. oryzae [32] , as well as some strains of the phytopathogenic species Rhizobium rhizogenes [43] .
Among the bean nodulating rhizobia, only R. etli, R. gallicum, R. mesoamericanum and R. leucaenae have been isolated in Mexico. It is believed that most of the species of bean-nodulating rhizobia have acquired their nodulation ability through lateral transfer of symbiotic genes from R. etli because they harbor symbiotic genes (nifH and nodC) identical or very similar to those of R. etli in phylogenetic analyses [1, 30, 43, 50] . However, the existence of two symbiovars in the bean-nodulating rhizobia, sv. phaseoli in Rhizobium species and sv. mediterranense in Ensifer species, has demonstrated that their symbiotic genes may have the same origin, although they have evolved independently. These data have shown that bean is a relatively promiscuous host for rhizobia which strongly prefers a symbiotic genomic background rather than a genomic background. In this case, it can be hypothesized that the introduction and cultivation of bean plants in different regions have forced the evolution of some local bacteria to be bean-nodulating rhizobia, so that bean plants can form symbiosis with rhizobia adapted to diverse conditions.
It has been estimated that the center of origin for a legume species is also the center of diversification of rhizobia associated with the same plant [27] . However, the lower species number of bean rhizobia in Mexico compared to other regions does not fit this estimation. Previous studies have shown the biogeographic patterns of bean rhizobia: R. etli is dominant in the South and Middle Americas, Europe and Jordan [12, 39] ; R. leguminosarum is the main species in the Andean region and Nepal [1, 7, 35] ; R. tropici is more abundant in regions with acid soils and high temperature [4, 14] ; R. phaseoli, R. etli and a novel Rhizobium group are found in Africa [5] ; while the Ensifer spp. are unique for alkaline-saline soils [28, 30, 50] . These data, as well as the studies on soybean rhizobia, have shown that the geographic distribution and diversity of rhizobia are mainly determined by the distribution of the host legume and soil parameters such as pH, salinity and nutrient content [16, 49] . Therefore, we hypothesized that more species might be found when bean nodules were collected from different soil types in Mexico.
The present study was performed because the diversity and richness of bean-nodulating rhizobial species in Mexico provide important information for the biogeography and evolution of rhizobia, and there was a lack of a comparative study on the relationship between rhizobial diversity and the soil types in Mexico. Therefore, the aim of the study was to investigate whether distinct rhizobia exist in different Mexican soils.
Materials and methods

Soil sampling and characterization
Based upon the climate types, geographic distance and soil types, five soil samples were collected from plots (approximately 1 ha each) in fields with a history of recent bean cultivation (within one to two years), except in the Xochimilco location. The sampling sites were: (1) Xochimilco, Mexico City, where the soils were sampled from an uncultured "chinampa", an artificial island made of lake sediment and dead vegetation, located in the Canal de Apatlaco, Community of Puente de Alvarado; (2) General Cepeda, Coahuila: located in Buenos Aires/Narihua, at Ejido El Gabillero, where the soil was taken in a field with bean cultivation; (3) Parras de la Fuente, Coahuila: located in Ejido 28 de Agosto where the soil was sampled from a field with bean cultivation (cv. Pinto Americano); (4) Acaxochitlán, Hidalgo: located at Carretera Tulancingo-Tuxpan 170 km, in the Community of Tepepan, with an intercropping history of bean and maize; (5) Ocozocuautla, Chiapas: located on the road from Arriaga to Domingo Chanona-El Cielito at the Community of La Frailesca, Ejido Domingo Chanona, where the soil was sampled from a field used to test the acid resistance of bean. Soils were sampled from five points (the four corners and the center) in each site, which were mixed in the same ratio to form a compiled sample, and they were stored at 4 • C in black plastic bags until use.
The physicochemical features of the soil samples were determined according to the NMX-EC-17025-IMNC-2006 (ISO/IEC17025:2005) standard, and included pH, nutrient content.
Rhizobial counting and trapping in the soil
To determine the abundance of rhizobia in the soil samples and to isolate them, seeds of two bean cultivars commonly cultivated in Mexico were used: Flor de Mayo and Negro Querétaro. Flor de Mayo is the most common seed for cultivation and for consumption in Mexico, and it is adapted to adverse conditions such as high temperature, draught and poor soils. Negro Querétaro is a cultivar more adapted to acidic soils.
For trapping the rhizobia from soils, the bean seeds were surface-sterilized by 1% (w/v) sodium hypochlorite for 5 min and washed six times with sterilized distilled water, as mentioned elsewhere [44] , and germinated in Petri dishes with water-agar under aseptic conditions at 28 • C in the dark. Four of the germinated seeds were sown in a Leonard jar (Styrofoam cups with a volume of 1 L) [23] filled with a mixture of vermiculite-peat moss-soil (volume ratio 2:2:1) moistened with N-free Faraheus plant nutrient solution [44] . Ten jars were involved in each treatment (cultivar vs. soil sample). The seedlings were grown in a greenhouse under sunlight at room temperature during March and May 2010 for four weeks.
The abundance of bean-nodulating rhizobia in the soil samples was estimated by the most probable number method described by Vincent [44] who used a similar procedure for rhizobia trapping. Two seeds were sown in each Leonard jar (200 mL Styrofoam cup) filled with a mixture of vermiculite-peat moss (1:1, v/v). The seeds in each jar were inoculated with 1 mL of diluted soil (10 −1 , 10 −2 and 10 −3 ), and five repetitions were used. Positive or negative nodulation was observed after four weeks growth.
Isolation of rhizobia
Rhizobia were isolated with a standard procedure [44] from the nodules of trap plants grown in the mixture of vermiculite-peat moss-soil sample (2:2:1, v/v). Briefly, the root nodules were cut from the plant, surface-sterilized in the same way as for seed preparation mentioned above, and then approximately 20 nodules from each treatment were crushed and streaked separately on peptone yeast agar (PY) (peptone, 5 g; yeast-extract, 3 g; CaCl 2 , 0.6 g; agar, 18 g; pH 7.0) plates. The streaked plates were incubated at 28 • C for 3-14 days. After single colonies occurred, one colony for each nodule isolate was picked and repeatedly streaked on the same medium until the morphology was homogenous for all the colonies on the plate. The purity of the isolates was confirmed by microscopic observation after Gram-staining. Only the pure cultures of Gram-negative rods were used in the subsequent studies and they were stored in PY broth containing 20% (w/v) glycerol at −70 • C for long-term storage or on PY plates at 4 • C for short-time storage.
Sequence analysis of the 16S rRNA gene
In the present study, analysis of amplified 16S rDNA restriction fragment length polymorphism (ARDRA) was used to group the isolates [19, 21] . Then, the representative isolates for each ARDRA group (rDNA type) were selected for 16S rDNA sequencing. The genomic DNA of each isolate was extracted from 5 mL of a tryptone yeast (TY) broth culture (peptone in PY replaced with tryptone) by the guanidine thiocyanate (GuTC) method [41] and it was used as template for amplification of the gene fragments. The 16S rRNA gene was amplified with the primers fD1 and rD1 using the protocol described by Weisburg et al. [48] . The PCR products were checked by electrophoresis in 1% (w/v) agarose gel (0.5× TBE as electron buffer), and they were visualized under UV light after staining with ethidium bromide (0.5 g mL −1 ) [21] . ARDRA was performed by digesting 10 L of the PCR products separately with the restriction endonucleases MspI, AluI, HaeIII and HinfI, as described previously [21] . Isolates sharing the same RFLP patterns were defined as an rDNA type. Representative isolates for each rDNA type were randomly selected for genus identification by sequence analysis. The 16S rDNA was amplified from each of the representative isolates with primers P1 and P6 [16] and it was sequenced directly, as described previously [18] . The acquired nucleotide sequences were compared with those in GenBank by Blast searching [2] . The most related sequences extracted from the database were aligned together with the acquired sequences using the CLUSTAL W program [42] and edited with SeaView 4.2.5 [13] . The search for an appropriate substitution model was conducted using jModel test [34] . The phylogenetic trees were constructed in the PhyML 3.0 online server (http://www.atgc-montpellier.fr/phyml/) and visualized in the MEGA 6 software package [40] . Phylogenetic trees were reconstructed with the neighbor-joining (NJ) method and the Jukes-Cantor distance [40] . Bootstrap analysis based on 1000 replications was performed in order to check the stability of the grouping results.
Identification of rhizobia by multilocus sequence analysis (MLSA)
Currently, MLSA is used widely in bacterial species definition [45] and the atpD, glnII, gyrB, recA and ropB genes are those that can differentiate defined rhizobial species [15, 37, 45] . In the present study, these five genes were amplified from the representative isolates with the previously reported methods and primer sets atpD255F/atpD782R, glnII12F/glnII6810R, gryB343F/gryB1043R, recA41F/recA640R and rpoB454F/rpoB1364R, respectively [37, 45] . The acquired sequences were used in phylogenetic analyses with methods similar to 16S rDNA analysis, but the Kimura two-parameter distance [20] was calculated and used in the phylogenetic analysis of the housekeeping genes.
Symbiotic performance of the isolates
The nifH symbiotic gene was amplified for all isolates with primer pair nifHF/nifHI and the protocol described by Laguerre et al. [22] . Then, the nifH gene with the same primers and nodC genes (coding for N-acetylglucosaminyltransferase) with primers nodC540/nodC1160 [38] were amplified for the representative isolates. The phylogenetic analysis of these two genes was the same as for 16S rDNA, and the phylogenetic trees were constructed with the amino acid sequences. The nodulation test was performed with two isolates from each rhizobial group defined by the phylogenetic analyses mentioned above. The method was the same as that for rhizobial trapping, but the vermiculite-peat moss-soil (2:2:1, v/v) mixture was sterilized and each seedling was inoculated with 0.1 mL (approximately 10 7 CFU) of a 24 h old PY broth culture.
Phenotypic characterization of the isolates
Phenotypic characterization of the isolates focused on the adaptation features, including growth in PY medium supplied with 0.5-3.0% NaCl in intervals of 0.5%, and growth in PY medium at pH 4.0-10.0 with intervals of 0.5 units, as described previously [46] . In addition, the mobility (swimming) of the isolates was determined in semisolid PY medium (0.4% agar), as described previously [9, 26] . All the assays were performed at 28 • C and they were incubated for 2 or 3 days.
Results
Soil characterization and rhizobial abundance
In general, the five soil samples had a Fraco or Arcillo Limoso texture with various pH values and nutrient contents (Table 1) . No nodules were observed on the seedlings of bean cv. Flor de Mayo or Negro Querétaro grown in soils collected from Xochimilco, Mexico City and from Ocozocuautla, Chiapas State. The reason for absence of nodulation in the chinampa soils (Xochimilco) may be related to their high nutrient content, especially the high N content (1068.1 mg kg −1 ), which may inhibit nodulation and nitrogen fixation. In this field, it was observed that both the bean and alfalfa plants did not form nodules. The absence of nodulation in the Ocozocuautla soil may be related to its strong acid feature (pH 4.25), which might be outside the limit for survival and activity of rhizobia. In the remaining three soil samples, rhizobia were trapped by both bean cultivars (Table 1) , in which the General Cepeda soil (pH 7.84) harbored a major abundance of rhizobia (MPN = 10 4 g −1 of soil), while the MPNs in the other two soils from Parras de la Fuente (pH 7.86) and Acaxochitlán (pH 4.92) were 82-620 and 320-450, respectively, with the two cultivars. In all soils, cv. Negro Querétaro showed stronger nodulation ability than cv. Flor de Mayo. The first letter in the isolate number represents the origin of the cultivar (e.g. F = Flor de Mayo and N = Negro Querétaro), whereas the second letter corresponds to the soil sample site (e.g. H = Hidalgo, G = General Cepeda, Coahuila, F = Parras de la Fuente, Coahuila). Boldface isolates were isolates used in sequence analysis.
b The nifH gene was detected by PCR after isolation.
c PCR-based RFLP of 16S rRNA gene digested seperately with the restriction endonucleases MspI, AluI, HaeIII and HinfI.
Isolation of rhizobia and genus definition by 16S rDNA phylogeny
A total of 41 isolates were obtained from both the trap plant cultivars, of which 24 were from the Hidalgo acid soil and 17 were from the alkaline soils of Coahuila (Table 2 ). In the ARDRA, six rDNA types were defined. All the isolates in rDNA types 1-3 originated from the acid soil of Hidalgo State, while all the isolates from alkaline soils were grouped in rDNA types 4-6 ( Table 2 ). In the 16S rRNA gene phylogenetic tree (available as Supplementary Fig. S1 ), isolates in rDNA type 1 showed almost identical sequences with those of R. leguminosarum and R. laguerreae, whereas two isolates of rDNA types 2 and 3 were most similar to Rhizobium grahamii, two isolates in rDNA type 6 were grouped with Rhizobium radiobacter, and the fifteen isolates in rDNA types 4 and 5 were most similar to Ensifer fredii. 
Species identification of the isolates by MLSA
In the phylogenetic tree of the concatenated sequences (Fig. 1) , the isolates of type 1 formed a distinct group most related to R. leguminosarum, R. phaseoli and R. etli; and the separated nucleotide sequences of recA, atpD and glnII (available as Supplementary Figs . S2-S4) showed that these isolates were more similar to different subgroups of R. leguminosarum which may have intermingled with other species. In this case, they were defined as the R. leguminosarum-like group. The representative isolates of types 2 and 3, and type 6 always showed identical or high similarity (>97%) with the reference strains of R. grahamii and R. radiobacter, respectively ( Fig. 1 and Supplementary Figs. S2-S4 ). Therefore, they were identified as members of these two species. The isolates in rDNA types 4 and 5 showed the highest similarities (98%) with reference strains of E. fredii in the atpD tree, but they presented the highest similarities (99-100%) with strains of E. americanum in the concatenated tree, and recA and glnII trees. In this case, the Ensifer isolates were identified as E. americanum. The sequences of gyrB and rpoB were not included in the concatenated analysis since these genes were not available for all the reference strains. The gyrB and rpoB phylogenetic trees (available as Supplementary Figs. S5 and S6) supported the above identifications: the isolates in rDNA types 1, 4
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Symbiotic gene phylogeny and the nodulation test
In the present study, the nodC and nifH genes were amplified and sequenced successfully for the representative isolates of the E. americanum and R. leguminosarum group. The amplification of the symbiotic genes was unsuccessful for the R. radiobacter and R. grahamii isolates. In the nodC phylogenetic tree (Fig. 2) , the representative isolates were grouped within two closely related subclusters: (1) three R. leguminosarum reference isolates showed nodC genes very similar or identical to those of R. etli, R. phaseoli and R. gallicum sv. phaseoli reference strains, which formed a subcluster that was defined as symbiovar phaseoli; (2) the representative isolates of E. americanum formed a subcluster with those of several bean-nodulating E. meliloti strains, and they were defined as symbiovar mediterranense. These two subclusters were closely related to each other and were linked to the Mimosa-nodulating R. etli and R. giardinii strains. The close relationships between our isolates and R. etli for the symbiotic genes were also confirmed by the nifH phylogeny (available as Supplementary Fig. S7 ). The three representative isolates of the R. leguminosarum group showed high similarities with the bean nodulating strains of R. etli, R. phaseoli, R. gallicum, and R. vallis. The three isolates representing E. americanum showed high similarities with the bean nodulating strain of E. fredii bv. mediterranense and strains of E. chiapanecum, E. mexicanus and E. americanum nodulating Acaciella and Acacia species in Mexico.
The two R. radiobacter isolates were not included in the nodulation test. The R. leguminosarum-like strains FH02 and NH05 formed nodules with plants of cv. Negro Querétaro in alkaline soil, while only FH02 occasionally nodulated with plants of cv. Negro Queré-taro in acid soil. No nodules were found on plants of cv. Flor de Mayo grown in either the acid or alkaline soil inoculated with these two isolates. The two E. americanum isolates FG17B and NG07B formed nodules on most seedlings of both cultivars in both the acid and alkaline soils. R. grahamii FH29-1 formed nodules on the seedlings of both cultivars in both the acid and alkaline soils, but NH18 did not nodulate at all.
Growth and mobility of the isolates in different conditions
The results presented in Table 2 demonstrated that the tested isolates grew well most of all in medium supplied with 0.5% NaCl. The 1.0% NaCl supplement inhibited the growth of most of the Rhizobium isolates, and the growth of the Ensifer isolates was inhibited by 1.5% NaCl. However, two R. leguminosarum-like isolates, FH14 and FH19, and the two R. radiobacter isolates grew well at up to 2.5% NaCl.
No growth was observed in medium with pH 4.0 for all the isolates and in medium with pH 4.5 for the E. americanum isolates. At pH 5.0-8.0, most of the R. leguminosarum and R. grahamii isolates grew well and some of them were inhibited by pH 8.5 and pH 9.0. All the E. americanum isolates grew well in medium with pH 5.0-9.0.
The data in Table 3 showed that the mobility (swimming) of R. leguminosarum-like and R. grahamii isolates increased when the NaCl concentration was increased from 0.5% to 1.0% and 1.5%. The E. americanum isolates swam weakly in the presence of 0.5% and 1.0% NaCl, but they did not grow in the semisolid medium with 1.5% NaCl. For both the Rhizobium and Ensifer isolates, maximum mobility was observed at neutral pH. At pH 4.5 and 5.0 the mobility of Rhizobium isolates decreased dramatically, compared with that at neutral and alkaline pH values. No growth was observed at pH 4.5 and very weak growth/mobility was observed at pH 5.0 for the Ensifer isolates in the semisolid medium. Mobility was observed in the Ensifer isolates only between pH 6.0-8.0 and, although they could grow, they did not express mobility when the pH was increased further.
Discussion
Currently, the phylogenetic relationships of the 16S rRNA gene and the MLSA of housekeeping genes, such as atpD, glnII and recA, are used as the basis for defining rhizobial genus and species, respectively. Using 97% MLSA similarity as the threshold of species [24, 35] , the 41 isolates used in the present study were identified as R. leguminosarum-like group, R. grahamii, R. radiobacter and E. americanum (Table 2 and Fig. 1) . Previously, R. leguminosarum and E. americanum have been described as beannodulating rhizobia in other regions [1, 7, 30, 36, 47] . However, our study provides the first set of clear evidence that bean-nodulating R. leguminosarum-like group, R. grahamii and E. americanum populations were native to Mexico, and that no R. etli were isolated in the acid and alkaline soils in Mexico. Similar to a previous study [10] , the isolates of R. radiobacter could be regarded as nodule endophytes.
Symbiotic gene phylogeny has been used to define the symbiovars among the rhizobia and to estimate their host range [30] . According to the nodC and nifH phylogenetic relationships ( Fig. 2 and Supplementary Fig. S7 ), the isolates of E. americanum could be defined as symbiovar mediterranense, which covers some strains of E. meliloti, E. fredii and E. americanum nodulating with bean, as well as Leucaena and Acacia [30] . The isolates of the R. leguminosarumlike group from this study might be defined as symbiovar phaseoli, based upon their high similarity with R. etli, R. phaseoli, R. vallis and R. gallicum in the nodC and nifH phylogenetic trees ( Fig. 2 and Supplementary Fig. S7 ). The failure to amplify symbiotic genes in the sequence analysis and the fact that one isolate showed nodulation ability, but another did not, demonstrated that the symbiotic gene clusters for these two isolates might be unstable without host selection.
These findings added new and important information concerning the distribution and evolution of bean-nodulating bacteria, as discussed subsequently.
Firstly, the absence of R. etli in the acid and alkaline soils sampled in the present study (Tables 1 and 2 ) implied that R. etli strains might be symbiotic bacteria adapted to neutral and slightly acid soils, since it has been reported as the dominant group in soils with pH 6.4 in Mexico [8] and pH 5.3-5.5 in China [47] . In addition, the predominance of E. americanum in alkaline soil and the R. leguminosarum-like group in acid soil implied that they were beannodulating rhizobia native to Mexico and were more competent in these soils than the previously reported R. mesoamericanum and R. leucaenae.
Secondly, the dominance of E. americanum in alkaline soils and R. leguminosarum in acid soils (Tables 1 and 2 ) [1, 7, 30, 35] , as well as the absence of R. etli in this study, showed that the distribution and evolution of bean-nodulating bacteria have been affected by both soil characters, such as pH values, and the host plant, which is similar to the situation for soybean rhizobia [16, 49] . Furthermore, the nodulation ability of representative isolates of these two rhizobial groups in the sterilized soils might indicate that soil biological factors, such as the microbial communities, also affected the nodulation of bean plants with different rhizobia. It is possible that the microflora in soils helped the R. leguminosarum-like group and E. americanum to be predominant bean rhizobia in acid and alkaline soils, respectively.
Thirdly, the results of this study showed that the symbiotic genes of different bean-nodulating rhizobial species in Mexico had the same origin and they were less diversified. However, with our results, it cannot be concluded that R. etli is the original source of bean-nodulating genes, and it is questionable that the species found in other regions, but not in Mexico, might have obtained their bean-nodulating ability by lateral transfer of symbiotic genes from R. etli [3, 12, 50] . It is possible that the bean-nodulating R. leguminosarum and E. americanum populations in other regions were also introduced from Mexico, as estimated for R. etli [33] .
Fourthly, the existence of R. radiobacter, and possibly also R. grahamii, as endophytes in bean nodules implied that they were potential bean-nodulating rhizobia which could emerge in the future by acquiring the symbiotic genes via lateral gene transfer, as reported in other cases [6, 12, 31] .
The phenotypic characterization was performed mainly for estimating the adaptation ability of the isolates. The growth data (Table 2) revealed that the E. americanum isolates were resistant to a higher NaCl concentration (1.5%) and a greater alkaline condition (pH 9.0) than the R. leguminosarum-like isolates, while some R. leguminosarum-like isolates were more resistant to acid conditions (pH 4.5). These features demonstrated that these two rhizobial populations possessed mechanisms for adapting to their original soil types.
The mobility analysis (Table 3) gave some interesting information and may support the growth data. In general, the mobility of bacteria is considered as a result of chemotaxis, and bacteria may move away from a chemical stimulus when conditions in their habitat are not adequate. Therefore, it could be assumed that the bacteria should move less when they grow under their optimal conditions. For both the R. leguminosarum-like group and R. grahamii, greater mobility in neutral and alkaline conditions, and less mobility in semisolid medium with pH 4.5 and 5.0 were 
